I. INTRODUCTION
Glasses are amorphous solids that can be formed by a variety of different routes. 1 The most common route employed in systematic studies of glasses relies on cooling a liquid below its glass transition temperature, T g , in a manner that avoids crystallization. 2 It has recently been established both experimentally and in computer simulations that ultra-stable glasses can be prepared by physical vapor deposition (PVD). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] When the substrate temperature is held somewhat below T g , vapordeposited glasses can exhibit properties that are superior to those of ordinary liquid-cooled glasses. Enhanced kinetic stability and lower enthalpy, 5, 10, [18] [19] [20] [21] higher density, 4,22 and higher mechanical moduli 8, 23, 24 have now been demonstrated for many different organic glasses prepared by PVD. Very recent work has established that highly stable PVD glasses also have striking low temperature properties which suggest a suppression of two level systems. 25 Enhanced stability has also been reported for metallic vapor-deposited glasses. 13, 14 Stable glasses have been prepared from a wide range of organic molecules, including indomethacin (IMC), 3, 20, 26 toluene and ethylbenzene, 4, 27, 28 an assortment of alkylbenzenes, 29 several a) Author to whom correspondence should be addressed. Electronic mail: depablo@uchicago.edu tris-naphthylbenzene (TNB) isomers, 30 and several organic semiconductors. 24, 31, 32 Molecular simulations have also been used to mimic the physical vapor deposition process of a disaccharide, 33 metallic glasses, 15, 16 and short-chain polymeric glasses. 17 Consistent with experimental observations, simulated PVD-glasses are more kinetically stable than their ordinary liquid-cooled counterparts.
The enhanced molecular mobility at the free interface of PVD glasses is thought to be responsible for their stability. 34 Indeed, extensive experimental and simulation studies, 3, [35] [36] [37] [38] including surface grating decay measurements, [39] [40] [41] [42] have established the enhanced surface mobility of glassy films. Those findings are also qualitatively consistent with the random first order transition (RFOT) theory 43 and the coupling model of Capaccioli et al. 44 Enhanced mobility allows molecules near the free surface to sample different packing arrangements during vapor deposition and to find low energy configurations. 3 There have been only a small number of structural studies of PVD glasses. Studies of PVD glasses of IMC reported an additional anisotropic peak relative to the ordinary glass peak in wide-angle X-ray scattering. 25, 45, 46 More recent measurements on different isomers of TNB have also revealed structural anisotropy, which to some extent varies depending on the isomer. 47 Grazing-incidence x-ray scattering measurements
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Lyubimov et al. J. Chem. Phys. 143, 094502 (2015) on N,N ′ -bis(3-methylphenyl)-N,N ′ -diphenylbenzidine (TPD) indicate anisotropy in nearest-neighbor packing that depends upon substrate temperature during deposition. 48 Based on these last two studies, it has been suggested that anisotropic packing is not a necessary condition for high kinetic stability, but rather that these two properties are independent features of the vapor deposition process. A recent analysis of model PVD polymer glasses reinforces that view. 17 Molecular orientational anisotropy and birefringence have also been measured by Dalal and Ediger in PVD glasses of IMC 49 and α, α, β-TNB glasses. 22 Recent work by Yokoyama et al. has provided new insights into orientational anisotropy and its relation to device performance. Specifically, by examining PVD glasses of several semiconductor organic materials, these authors reported that molecular orientation can be manipulated by molecular shape and deposition conditions. [50] [51] [52] It has been demonstrated that a change in anisotropic orientation can lead to better charge carrier transport properties than those observed in isotropic materials. 51, 53, 54 These findings offer potential for improvement of organic light emitting diodes (OLEDs) and other organic electronic and optoelectronic devices. 55 To realize that potential, however, it is important to understand what governs orientational anisotropy, to what extent the orientational anisotropy can be controlled, and which types of molecules are most susceptible to exhibit pronounced effects. Several factors controlling orientation anisotropy in organic vapor deposited films have been proposed, including molecular shape, 50, 52 surface roughness, 51 substrate temperature, 31, 49, 52 and the glass transition temperature of the bulk material. 31, 56, 57 In this work, we address those issues by investigating the mechanisms leading to orientational anisotropy in PVD glasses of a coarse-grained model of TPD. This molecule has a slightly elongated shape. A recent study of TPD and two other compounds with similar molecular structures systematically investigated the influence of substrate temperature on molecular orientation. 31 We adopt a purposely simple model that only captures the molecule's shape, and we show that such a model is sufficient to describe a number of non-trivial features observed in experiments. The predictions of that model are validated by performing a limited set of simulations using a detailed atomistic representation of TPD. Due to computational limitations, however, the allatom simulations are limited to equilibrium calculations well above the glass-transition temperature. All of our simulation results are consistent with the view that, during deposition, molecules at the free surface strive to attain molecular orientations consistent with the surface of the equilibrium liquid.
The manuscript is organized as follows. In Section II, we introduce the coarse-grained TPD model and discuss the details of our simulations of PVD films. We present the details of our all-atom simulations of TPD films at equilibrium. In Section III, we present the main results of our calculations and a discussion of the relation between molecular orientation in PVD glasses and interfacial properties of the equilibrium liquid. Section IV provides a summary of our findings. A partial account of this work, particularly the experimental aspects, was published recently. 
II. METHODS
The coarse-grained TPD model considered here consists of six spherical particles, representing the benzene rings of the actual molecule (Figure 1 ). Each sphere interacts through a Lennard-Jones (LJ) potential with parameters σ bb = 1.0, ϵ bb = 1.0. The cutoff distance for the potential is r c = 2.5 with a smooth decay starting at a 2.4 separation. To maintain the intra-molecular structure, the six LJ particles of a molecule are connected by seven stiff bonds (l b = 1.0, k b = 1000). Angle potentials are applied to four groups of three particles that include two interior beads and one of the exterior beads (θ = 150
• , k angle = 1000). The orientation of the molecule is characterized by a unit vector n connecting the two interior beads. No additional restrictions are applied to the relative rotation of the two halves of the molecule about the longitudinal axis, n.
The simulation box size used here was 20σ bb by 20σ bb in the plane of the substrate, and at least 10σ bb larger than the deposited film thickness normal to the substrate (Figure 2) . Periodic boundary conditions were applied in directions parallel to the substrate (x-y plane), which was generated from 1000 randomly placed smaller LJ particles. The LJ potential parameters for the substrate were chosen in such a way as to minimize their effect on the deposited molecules and prevent undesirable ordering. 58 The parameters for the interaction with other substrate atoms are σ ss = 0.6, ϵ ss = 0.1, and with beads representing benzene rings, they are σ sb = 1.0 and σ sb = 1.0, with a cutoff distance of 2.5σ α β , where α, β ∈ s, b. All substrate atoms were fixed in their random initial position with harmonic springs with force constant k = 1000.
The simulated vapor deposition process was analogous to that reported earlier for simple binary glasses and polymeric glasses. 15, 17 Iterative cycles of deposition and annealing were repeated until a film with a thickness of approximately 35σ bb was grown. Specifically, each cycle consisted of (1) introduction of 4 new molecules at a time in the proximity of the film surface and with random orientation, (2) equilibration of newly introduced molecules at high temperature (T = 1.0), (3) cooling of these molecules to the substrate temperature at a constant rate, and (4) energy minimization of the entire system. The previously deposited molecules and the substrate particles were maintained at a constant temperature throughout the process using a separate thermostat. Different deposition rates were achieved by changing the number of time steps assigned for cooling newly introduced molecules to the substrate temperature during the third stage of each cycle. 7 × 10 5 , 21 × 10 5 , and 2 × 10 5 time steps were used for normal, slower, and faster deposition rates, respectively. All simulations were performed using the LAMMPS simulation package 59 in the NVT ensemble with the simulation time step of 0.001. All samples were properly relaxed to diminish the influence of thermostat; after that relaxation, the properties of deposited glasses below T g were not changed during computationally accessible times. Relevant data were collected from the middle region of the films in order to reduce the effects of the substrate and the free surface. The thickness of the middle region was 10σ bb , and the distance from the region bounds to the substrate or to the free surface exceeded 10σ bb . All quantities pertaining to coarse-grained simulations are given in Lennard-Jones units.
All-atom simulations of TPD liquid films were performed with the all-atom optimized potential for liquid simulations (AA-OPLS) force field. 60, 61 The substrate consisted of Lennard-Jones particles with characteristic energy and size similar to those of silicon (σ = 3 Å, ϵ = 5.2 kJ/mol, mass = 60, and density = 2650 g/l) as used in previous all-atom PVD simulations. 33 Each substrate atom was restrained to its initial position by a harmonic potential with spring constant K = 10 4 kJ/(mol nm 2 ). The volume of the system was held constant with dimensions 8.5 nm × 8.5 nm × 25 nm and was periodic in all three dimensions. The x and y dimensions are approximately five times the molecular length of TPD (≈1.7 nm). The length of the box in the z direction (perpendicular to the substrate) was sufficiently large to encompass the film with ample amount of vacuum to allow for film expansion while avoiding interaction between the top layer and the periodic image of the substrate. Coulombic forces were calculated using the particle mesh Ewald algorithm 62 with a force and potential correction applied in the z dimension in order to produce a pseudo-2D summation. Molecular simulations were carried out using the GROMACS 4.6.3 simulation package. 63, 64 All simulations were performed with a time step of 2 fs. During production runs, temperature coupling was achieved using velocity rescaling with a stochastic term.
65

III. RESULTS
Using the simulation scheme described above, we prepared deposited glasses of coarse-grained TPD on substrates controlled at temperatures in the range 0.6 ≤ T sub ≤ 0.8, which encompasses the glass transition temperature, T g = 0.7, of the model system. The simulated glass transition temperature is defined as the fictive temperature, T g = T f , measured during the cooling simulation at the slowest cooling rate (see Figure 5 ). To characterize molecular orientation anisotropy inside the films, we relied on an orientational order parameter defined through a second Legendre polynomial of the form
where the dot product is between the unit vector along the molecular axis, n, and the normal to the substrate, n z . The averaging was performed over all molecules in the middle region of the film. Figure 3 shows profiles for number density, ρ, orientation order parameter, S z , and Debye-Waller factor, ⟨u 2 ⟩, for glasses deposited at the substrate temperature T sub = 0.69. These profiles are given as a function of distance from the substrate. The Debye-Waller factor is defined as the meansquare displacement at a time corresponding to the onset of caging motion. 66 The "middle" region corresponds to 10 < z < 20. Unless otherwise stated, the results presented here correspond to vapor-deposited glasses prepared at the intermediate (normal) deposition rate. Figure 4 shows the substrate temperature dependence of molecular orientation in the middle of the film for three different deposition rates. The main feature of the substratetemperature dependence shown in Figure 4 is its non-monotonic character. When deposited at T sub > 0.72 > T g , the orientational order parameter of PVD films is zero, as expected for an equilibrium isotropic liquid. For substrate temperatures just below T g , molecules exhibit a weak tendency to orient perpendicular to the substrate, as indicated by positive values of S z . For even lower T sub , molecules adopt a predominantly parallel orientation to the substrate, with S z < 0. This behaviour is in qualitative agreement with experimental data of TPD shown in the inset of Figure 4 .
In Figure 5 , we compare the potential energy of simulated vapor-deposited glasses to that of "ordinary," liquid-cooled glassy thin films. Symbols represent the energy of as-deposited PVD films from Figure 4 prepared at the normal deposition rate. The ordinary glasses were prepared by cooling of the equilibrium liquid at four different cooling rates ranging from q c = 10 −3 to q c = 10 −6 . The fictive temperature, T f , for each cooling rate was found from the intersection of two slopes representing the equilibrium liquid line and the extrapolated line from the glassy region. For the system considered here, the cooling-rate dependence of the fictive temperature is linear, and the temperature shift is approximately ∆T f ≃ 0.02 per decade of cooling rate.
In order to assess the kinetic stability of vapor-deposited glasses, we performed temperature ramping simulations analogous to those employed in standard experimental calorimetry procedures, albeit at much faster heating and cooling rates.
10,31 Figure 6 shows the potential energy as a function of temperature during heating and cooling cycles for the film deposited at the substrate temperature T sub = 0.69. That film corresponds to the most vertically oriented molecules. During the first heating ramp, the temperature corresponding to the onset of melting is T on = 0.82, which is noticeably higher than that for a reheated film, which is T on = 0.77, serving to illustrate the enhanced kinetic stability of PVD films.
The course-grained TPD model used in the simulations discussed above is a good glass former and resists crystallization. It also provides reasonable qualitative agreement with known experimental features of TPD glasses prepared by vapor deposition. Note, however, that the amplitude of the ordering effect observed in the main panel of Figure 4 is about three times weaker than that seen in experiments and shown in the inset. 31 We attribute this difference to the simplicity of the model and, in particular, its lack of a dipole moment or polarizability.
The isotropic orientation of films deposited at T sub T g is expected as in the equilibrium liquid. To understand the origins of the vertical molecular orientation bias that is observed right below T g , however, we examine in more detail the deposition simulation performed at T sub = 0.69. A snapshot from the late stages of the deposition process is shown on lose mobility and are trapped in the "bulk" of the growing film. Newly deposited molecules go through three stages. First, they diffuse on the surface. As the film grows, these molecules are trapped in subsurface regions, where they rotate around one end of the molecule (the "trapped" end). Finally, as deposition and film growth continue, these molecules become completely embedded in the film, and immobilize into their final position and orientation. Figure 7 (a) shows the distance to the free surface, z surf i (t), as a function of time for several representative molecules. For convenience, the position of the surface is defined as the point where the local density drops to 50% of the bulk value. The constant slope of z surf i (t) confirms that no motion occurs along the z-axis, and its value characterizes the deposition rate. To quantify the rotational character of molecular trajectories, we calculate for each molecule the function
where n i (t) is a unit vector along the longitudinal axis of molecule i at time t and n f i is the orientation of the final immobilized state. In Figure 7 (b), we show trajectories for several representative molecules. As s i (t) approaches unity, molecule i approaches its final conformation.
Individual molecular trajectories exhibit considerable variability; the additional analysis on the y-axis of Figure 8 (a) shows a function s(t) that characterizes the average molecular orientation relative to its final state,
where t i denotes the moment in time when molecule i was first deposited on the free surface. The averaging was done over N = 500 molecules in the center section of the film (along z-axis). Due to the linear time dependence of z surf i (t), it is convenient to plot on the x-axis of Figure 8 (a) the average distance from a molecule to the free surface, ⟨z surf i (t)⟩, defined with an analogous time shift to s(t) for each molecule. The function s(t) is constructed to measure the correlation between the molecular orientation at time t after the moment of deposition and the final orientation in the frozen state. At t = 0, the deposited molecules are just introduced into the system and, at the vacuum interface, ⟨z surf i (t)⟩ ≃ 0. Except for the lowest substrate temperature shown in Figure 8 (a), T s = 0.60, there is no correlation with final molecular orientation at this point. As the deposition process continues, the molecules get buried deeper into the growing film, and the function s(t) smoothly approaches unity, which corresponds to the final immobile state. The lower the substrate temperature, the closer to the surface the immobilization occurs, and, therefore, the shorter the period of time elapsed between the deposition and immobilization.
We define a rotational arrest time, t a , through the relation 1 − s(t a ) = 1/e (horizontal dashed line on Figure 8(a) ). We refer to the average distance from the surface corresponding to this moment as the arrest distance, z a = ⟨z surf i (t a )⟩. These distances are shown for the three substrate temperatures considered here in Figure 8 by vertical dotted lines.
We now examine the structure of equilibrium liquid films, and focus on the orientational order at the free interface. Figure 8(b) shows the order parameter, S z , and the site number density, ρ, as functions of distance from the free surface, z surf . Results are shown for three different temperatures, well above T g . While the density profiles are uniform and decay monotonically at the interface, the orientation order parameter dependence on z surf exhibits a peak. Right at the free surface, the negative order parameter reflects the tendency for molecules to adopt a parallel orientation. Before reaching an isotropic region inside the film, however, the order parameter becomes positive in the layer 1.5 < z surf < 3.5. In that region, at equilibrium, molecules prefer to exhibit a slight perpendicular orientation.
The height of the slight positive peak of S z in Figure 8 (b) increases as temperature decreases towards T g ; its location remains approximately unchanged with respect to the free surface. The lowest temperature for which results are shown is T = 0.85. Below that value, it becomes computationally demanding to reach equilibrium. The equilibrium liquid profiles in Figure 8 (b) represent a time average over simulations lasting 10 8 time steps (during which more than 5000 configurations were collected). We extrapolate the available data and assume that the height of the positive peak on the S z -profile continues to increase as the temperature decreases, without shifting in position. Figure 8 provides a plausible mechanism for the emergence of molecular orientation in vapor-deposited glasses. For the normal deposition rate, there is reasonable agreement between the arrest distance z a ≃ 2.3 for the glass prepared at T sub = 0.69 with maximum value of S z and the location of the peak on the S z -profile of the equilibrium liquids. At this substrate temperature, molecules with enhanced mobility can penetrate the film down to the depth where the equilibrium liquid configurations exhibit a slightly vertical orientation. As the deposition process continues, that molecular orientation gets locked into the film, giving rise to the anisotropy that is observed inside the films.
At low substrate temperatures, T sub ≪ T g , the simulation results shown in Figure 4 indicate that molecules are preferentially orientated horizontally in vapor-deposited glasses of TPD, in good agreement with experimental results. 31 We have considered three possible mechanisms to explain this horizontal orientation at low substrate temperatures. (1) Molecules in the top monolayer orient horizontally during deposition in order to equilibrate towards the surface structure of the equilibrium supercooled liquid, which shows horizontal alignment in the topmost layer as shown in Figure 8(b) . At low substrate temperatures, there is insufficient mobility for molecules in the second monolayer to equilibrate, and thus the horizontal orientation at of the top monolayer is trapped by further deposition and maintained in the bulk of the film. 31 (2) At low substrate temperatures, condensing molecules that encounter a flat surface will always prefer to minimize their energy by lying flat on the surface, resulting in a glass in which horizontal deposition is trapped. (3) Molecules deposited on a flat substrate are preferentially oriented horizontally at low temperatures and this initial structure templates further horizontal deposition, similar to what is observed in epitaxial growth. We do not think that this third alternative is realistic given the work of Yokoyama and coworkers. 50, 67, 68 They observed that molecular orientation in vapor-deposited films is independent of the orientation of an underlying organic layer, indicating that the substrate does not template molecular orientation over hundreds of molecular layers. At present, we do not have any strong evidence to differentiate between the first two proposed mechanisms.
The equilibrium interfacial behavior shown in Figure 8 (b) is central to our explanation of molecular orientation in PVD glasses. The question that arises here is whether that profile is an artifact of our coarse-grained model, or whether it is a feature for the materials considered in this work. To address that question, we begin by noting that past atomistic molecular simulations of ionic liquids have also reported structural anisotropy at the liquid-air interface. 69, 70 For the particular case of TPD, the simulated glass transition temperature for the allatom model was estimated to be T g ≈ 450 K, based on annealing simulations at a rate of 10 K/ns. Three different simulations containing 783 TPD molecules were conducted at 480 K, 500 K, and 580 K. The simulation at 580 K totaled 100 ns. Coordinates were saved every 10 ps. The simulations at 480 K and 500 K were run for 200 ns each due to the longer relaxation times that are expected closer to T g . Figure 9 shows equilibrium liquid profiles of the orientational order parameter, S z , and density. Similar to the profiles for the generic model shown on Figure 8 (b), the density profile is smooth and does not exhibit any unusual features. The S z profile, however, exhibits a peak in the vicinity of the free surface. The amplitude of this peak is in better quantitative agreement with experiments than that observed with the coarse grained model (inset of Figure 4 ), serving to further validate the equilibrium structural hypothesis advanced above. The peak grows as temperature decreases, but as the temperature approaches the glass transition it becomes more difficult to equilibrate the simulations. Unfortunately, computational demands prevent us from simulating a vapordeposition process with the all-atom TPD model.
Having put forth a mechanism for the cause of anisotropy in vapor-deposited glasses, one can interpret the results shown in Figure 4 for slower and faster deposition rates. For the slower deposition rate, the S z peak is shifted to the left, towards lower substrate temperatures. This behavior can be understood in terms of the longer time that is available to molecules located in the vicinity of the interface to reach equilibrium. When deposition is slower, at any particular depth from the surface, the molecules spend more time undergoing configurational changes. As a result, the s(t) curves analogous to those shown in Figure 8 (a) are stretched along the x-axis for the slower deposition rate as shown in Figure 8(c) . Indeed, while the intersection point of the horizontal dashed line and the curve for T sub = 0.60 in Figure 8(c) is only marginally shifted to the right in comparison to the corresponding point in Figure 8 (a) (solid blue lines), the shift for T sub = 0.69 is more significant (dashed red lines). Therefore, the S z peak on Figure 8 (b) aligns with the arrest distance for temperature even lower than the T sub = 0.69 substrate temperature, T sub = 0.67 (dashed-dasheddotted purple line on Figure 8(c) ), causing the shift to the left on Figure 4 . The points on Figure 4 for the faster deposition are shifted to the higher temperatures instead, and the region with S z > 0 disappears. At such high deposition rates, however, the simulations and analysis of s(t) functions become less reliable due to approaching computationally applicable limits of the model.
The following analysis of arrest distances further supports the arguments above. Instead of averaging all the rotational trajectories as in function s(t), we now smooth individual trajectories by calculating the time averages over a given interval ∆t ass
The value for ∆t was chosen to be equal to the duration of 40 deposition cycles. The rotational arrest time for each molecule, t a i , is defined through the relation 1 −s i (t a i ) = 1/e, and it corresponds to a arrest distance z Figure 10 shows the distribution of arrest distances for 500 different molecules at the slow deposition rate. Figure 10(b) shows results for T sub = 0.67, at which the most pronounced vertical anisotropy is observed. Figure 10 Figure 10 (a) are attributed to the increased roughness of the free surface of the film deposited at T sub = 0.60 compared to that deposited at higher temperatures.
While the distribution P(z a i ) for a low substrate temperature T sub = 0.60 appears unimodal, the distributions for higher temperatures develop a tail for large-z a i molecules. This tail becomes more pronounced for T sub = 0.69 and corresponds to an increasing fraction of molecules that maintain some rotational mobility inside the film. It reflects a heterogeneity in dynamics occurring at higher temperatures. The distribution P(z a i ) is broadening due to increasing heterogeneity, and the use of a single average value for the arrest distance becomes less sufficient. However, this description is in line with the mechanism discussed above for the data obtained at the normal deposition rate. of the PVD glasses, as shown in Figure 4 . At the same time, at z surf = 1.15, the orientation in the equilibrium liquid is also slightly parallel to the substrate, as shown in Figure 8(b) . The second substrate temperature, T sub = 0.67, corresponds to the most vertical orientation in the glasses that were deposited at the slower deposition rate (Figure 4 ). The average value over distribution shown on Figure 10 (b) is ⟨z a i ⟩ = 2.57 and aligns well with the peak of positive S z -values on the profile from Figure 8(b) . For the substrate temperature T sub = 0.69, the tendency to orient vertically in glasses deposited at a slower rate is reduced. The equilibrium orientation at the distance corresponding to ⟨z a i ⟩ = 4.82 is isotropic; however, this observation is less reliable due to the growing heterogeneity mentioned above. The average values ⟨z a i ⟩ over distributions shown on Figure 10 are also in reasonable agreement with the z a determined from the intersection with the dashed horizontal line in Figure 8 (c). Eqs. (3) and (4) represent two different ways of finding the arrest distance. However, both ways are consistent, which supports the provided explanation of orientation in deposited PVD glasses in terms of equilibrium liquid properties at the free interface.
IV. CONCLUSIONS
A molecular mechanism has been proposed to explain the orientational anisotropy that arises in vapor-deposited glasses of a TPD-like molecule. In particular, the tendency of the molecules to adopt a vertical molecular orientation at a substrate temperature slightly below the bulk glass transition temperature has been explained in terms of the properties of the equilibrium liquid at the free interface. Results of coarse-grained and all-atom molecular simulations provide evidence in support of a driving force that, at equilibrium, orients molecules vertically just below the TPD-vacuum interface. Out of equilibrium and below T g , as a film grows in thickness, that local structure becomes embedded in the film. When deposition is finished, this results in a positive orientational order parameter. Consistent with experimental observations, our results indicate that vertical anisotropy is most pronounced for substrate temperatures slightly below T g . For substrate temperatures well below T g , the preferred molecular orientation becomes parallel to the substrate. A new prediction of the model suggests that the peak in vertical anisotropy should be shifted to lower temperatures as deposition rate decreases. We also predict that it should be shifted and eventually disappear as deposition rate increases. We hope that the results of this work will stimulate additional experiments to evaluate such predictions, which could potentially lead to avenues for better control of molecular orientation in PVD glasses.
In conclusion, the simulation results presented in this paper provide a reasonable explanation for anisotropic molecular orientation in vapor-deposited glasses and can be useful in deeper understanding of the vapor deposition process. 
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